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ABSTRACT

A modified two-flux approximation is employed to compute the transfer of radiation in a finite, inhomoge-
neous, turbid atmosphere. A perturbation technique is developed to allow the treatment of non-gray gaseous
absorption with multiple scattering. The perturbation method, which employs a backscatter factor as a
parameter, can be used with anisotropic particle scattering as well as Rayleigh scattering.

This method is used to study the effect of aerosols on radiative solar heating and infrared cooling as well
as the radiative-convective temperature distribution in the earth’s atmosphere. It is found that the effect
of aerosols in the infrared cannot be neglected; while in the visible, the effect can be the same order as that
due to absorption by water vapor. For a high surface albedo (>0.30) heating of the earth-atmosphere
system results due to the presence of aerosols. The aerosols also reduce the amount of convection needed
to maintain a stable atmosphere. For the case of a dense haze a temperature inversion is found to exist close

to the ground.

1. Introduction

Because of the complexity of molecular absorption,
the main difficulty in the analysis of radiation heat
transfer in an emitting, absorbing and multiple scat-
tering medium is the necessity for solving the equa-
tion of radiative transfer at a sufficient number of
frequencies to define the line shape of the spectra.
But even if the detailed absorption coefficients were
known, the disadvantage with straightforward applica-
tion of popular methods (Twomey et al., 1966; van
de Hulst, 1963; van de Hulst and Grossman, 1968;
Kattawar and Plass, 1968; Grant and Hunt, 1968;
Hansen, 1969) for multiple scattering is that the cal-
culation would be very time consuming to cover the
complete spectrum. Therefore, line-by-line calculation
is usually adopted only as a method for checking the
accuracy of approximate methods. In general, most
calculations are based on approximate treatments of
various aspects of radiative transfer theory.

There are numerous approximate methods to solve
the radiative transfer equation in a plane-parallel
turbid atmosphere (Schuster, 1905; Schwarzchild,
1906; Chu and Churchill, 1955; Pitts, 1954; Chandra-
sekhar, 1960; Romanova, 1962; Sagan and Pollack,

1This paper is based on the author’s doctoral dissertation
presented to the Mechanical Engineering Department, Columbia
University.

1967; Potter, 1970; Canosa and Penafiel, 1973; Uesugi
and Irvine, 1969). But the lack of monochromatic ab-
sorption coefficients makes it necessary to use labo-
ratory transmission functions, which are averaged over
finite frequency intervals. Consequently, it is desirable
to employ solutions of the transfer equation which
have a form appropriate for using transmission func-
tion data.

In recent years, the large-scale increase of pollutants
in the earth’s atmosphere due to human activity has
caused serious concern. The general aspects of climate
change are discussed in Landsberg (1970) and SCEP
(1970). Several authors (e.g., McCormick and Ludwig,
1967; Charlson and Pilat, 1969; Rasool and Schneider,
1971; Mitchell, 1971; Yamamoto and Tanaka, 1972;
Braslau and Dave, 1973) have suggested that. the
increase of aerosols could either cause cooling or
heating of the earth-atmosphere system, depending on
the relative magnitude of the aerosol absorption and
backscattering coefficients. But most work has em-
phasized the effect of aerosols on the transfer of solar
radiation and neglected their effect in the infrared.

The purpose of this research is twofold: 1) to in-
vestigate an approximate method for solution of ani-
sotropic particle scattering with non-gray gaseous ab-
sorption; and 2) to study the effect of aerosols on
radiative solar heating and infrared cooling as well as
on the radiative-convective temperature distribution
of the earth’s atmosphere.
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2. Analysis

The basic radiative transfer equation is

al,
/1-(_9_= _]v(Tv)+(1 _ay)Ibv

Ty

“a, 1
+; / L(r0,u") P(y 1,0 )dp’, (1)

—1

where 7, is the optical depth, 6 the zenith angle
(u=cosf), @, the single-scattering albedo (a,=£%,./k.:,
with subscripts s, ¢ and ¢ denoting scattering, extinc-
tion and absorption respectively), and k,;=k,s+k.q;
I, is the spectral Planck function corresponding to
local temperature under the condition of local thermo-
dynamic equilibrium; and P(r,u,u’) is the scattering
phase function. The phase function satisfies the nor-
malization condition

1 / P(r,,0)d(cosa)=1. (2a)

The first moment of the phase function, defined as
the asymmetry factor,

{cosa)=1% f P(7,,2) cosad(cose), (2b)

characterizes the relative importance of forward-to-
backward scattering.

The boundary conditions can be written as

IV(TOV,M) =Sv6[ﬂ_ (_MO)]?
I,,(O,H) = evIBv+vav(07 —,U.),

where 2ruS, is the solar irradiance perpendicular to
the upper free surface (7,=r0,); I5, is the spectral
Planck function at the lower surface (r,=0) which has
monochromatic diffuse emissivity e, and reflectivity p,;
and 8 ] denotes the Dirac delta function.

Following Chandrasekhar (1960) with Legendre poly-
nomial expansion of the phase function, application of
moments, and the division of radiation field into two
streams according to Gaussian quadrature, we obtain
two linear coupled differential equations governing the
globally averaged diffuse field (integrated over uo) as
derived in Wang (1973):

u<0,
u>0,

(3a)
(3b)

1 dF,*

V3 dr,

=(a,—ba,~1)F++ba,F,~
+(1—a) [+ (1—0)a,G, exp(—V3T,)

ay
+;S,b exp[—V3(ro,—7,)], (4a)
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1 dF,;~

V3 dr,

= (a,—ba,—1)F~+baF,+
+{1—a)p+ba,G, exp(—V37,)

—l—%Sy(l —b) exp[—V3(ro,—7)], (4b)

Sy
Gv = ev[Bv'l'Pv; CXP(—\/-?TOV) +pVFV_ (0): (4C)

where b is the backscatter factor defined as
2b(7,) =1—(cosa). ©)

The boundary conditions are

FH(0)=0

(6)

FV—(TW):O' ’
and the total flux, which is the sum of direct un-
scattered flux and the diffuse flux, is

1
F.(r)=2r / I(r,wudu
-1

o F,* F,- o I V3
——\/"—3[ v (T,;)— ¥ (TV)]+;/—§61’ By exp(_ Tl’)

27[' Sv [ \/g( )]
—— —€X - y— Ty
\[3__ ) P T0 7

2w 1S,
+73"”[? exp(— 7o) +Fr(0)il

Xexp(—V37,). (7)

From (7), we can see that the total flux is amplified
by a factor of 2/V3 due to Gaussian division of the
radiation field. Therefore, we redefine 74, Ip,, S, such
that this factor is cancelled out in order to have
energy conserved.

Sagan and Pollack (1967) used the same equations
as (4) to study the clouds of Venus. They correlated
the backscatter factor & to the asymmetry factor
(cosa) as in (S) based on a cornparison of transmitted
flux with the exact solution of the phase function
14-3({cosa) cosa.

Tremendous computing time would be required in
order to carry out the numerical integration of (4)
even if the necessary detailed knowledge of molecular
spectra (line intensity, shape and position) were avail-
able. Furthermore, high-resolution data of the atmo-
spheric gases in the infrared are not available. Instead,
one measures the transmittance averaged over the
interval Ay; for a path length X, (mass or pressure
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path length) as
1

T]g'az -

Vi J Apj

exp(—kluX,)dy, 8)

where superscripts p and g denote particles and gases,
respectively, and Ay; is the frequency interval cen-
tered at »;. Therefore, the single-scatter albedo a, is
not known explicitly. We proceed to use a perturba-
tion technique such that (4) is decoupled and the
solutions are in the form ef expression (8) which can
be obtained from laboratory measurements,

Let the normalized molecular and particle size dis-
tribution functions #?(r) and #?(r), where r is the
radius of particles or molecules, be independent of z,
i.e., constant at all altitudes. Then the phase function
for the mixtures can be expressed as

%5(2) PP(a) +k5s(2) Po(ar)
k2s(2) 4 kos(z)
=74(@) P?(a)+r1s(2) Po(a),  (9)

P(z,a)=

under the condition that radiation is scattered inde-
pendently by gas molecules and particles; P?(e) and
P1(a) are normalized phase functions for particles and
molecules, respectively.

From (2b) and (5), we have

{cosa) =1r%,(2) (cosa)?+7%,(z) (cose)?, (10)
b=r7,(2)br+74,(2)b7, (11)

where {cosa)? and {cosa)? are the asymmetry factors
for particles and molecules, respectively. Both §? and
b7 are independent of z; &7 is 0.5 for Rayleigh scat-
tering; 67 is around 0.15 for aerosols and hazes in the
earth’s atmosphere. A double expansion of the fluxes
about these two parameters results in

Fi(r,)= Z=0 ZSIOF dnan(r) (G0)"(b7)",  (12a)
Fo(n)=2 X Foma(r) @)@, (12b)

m=0 n=0

Physically, the zeroth-order flux is that for a totally
forward scattering system, while the higher order
solutions are the corrections for neglecting the back-
scatter fraction.

Substituting (12) into (4) and collecting terms, we
have the following perturbation equations and
solutions:

a. Zeroth-order equations (m=0, n=0)

1 dF%e
— =—(1—a)Fko
V3 dr,

+a,Gyo,0 exp(—V37,)+(1—a, )13, (13a)
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1 dFno
 — =—(1—a,)Fn0
V3 drn,
ay
-I—ES, exp[ —V3(ro,—7.) ]
+(1—a)Is, (13b)

Sy
Gv0,0= ev13v+pv; exp(_\/g‘fo;') +pyﬁ‘15,0(0) . (13C)

The boundary conditions are

F0(0)=0

. (13d)
Froo(re) =0

Eqs. (13a, b) are decoupled and can be solved easily.
The solutions in the integral form are

Fho(r) = / L) Toalroy) Ty

+Goo, ol Toal7,0) ~T,(7,,0)], (14a)

F,I),()(T,,) = ‘/ ” IbV(y)[Tva(y,TV)]Zldy

S,
+‘2‘|:Tva(7'0v;7v) _ TV(TOV)T")]? (14b)

where

Toa(1,02) = exp[—\/g / N (1—a,,)dx:I, (14c)

T,(%1,%2) = exp[ —V3 (&1 —22) ], (144d)
d
C Jv=—[ ] (14e)
dy
b. First-order equations (m=1, n=0; m=0, n=1)
1 dFfo N o
— = _(1_au)Fvl,O‘I'dﬂ'gs(FvO,O—Fyo,o)
V3 drn,
+a, 0, 51,0(0) —7%:G.0,0] exp(—V37,)
S,
+-2—a,,r‘,',s eXp[_\[3_<TDv”Tv)]7 (153')
1 dF.
— = —(1—a)Fiotarts(Foo—F o)
V3 dm,
+a,7%:Gro,0 exp(—V37,)
S,
-—z—a,rffs expl —V3(ro,—7,) 1 (15h)
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The boundary conditions are

i

Substituting (14) into (15), we can solve for
F;*I,Oy Flioas

(15¢)

F I,o(‘r,)

=— / V3a,2 (D) T,u(70,y) / In(2)[Tvu(z,y) Judzdy
0 v
—/ \/gdyg(y)/ L0y(3) [ T1a(74,2) Jodzdy
0 0
_GyU’OTya(Ty’())/ \/gd,.”(y)(gy

+ 2 (ronyms) / —[Tm(zn,z Y lavd
[1—a()] P sl

+Pv vl,O(O)[Tva(Tv;O) - T)‘(Tlfjo)]} (16&)

F;.O(Tv)

= | B0 Tt [ 1T 30 Tt
Ty 0
+ / V3a,7(y) / I,(2)[Tva(z,7,) Jodzdy

o a0 (y)
—Gho,0 ra(Tv,())/ —_—[T,,a(z ,275) Joud
| (—al]
S,
-;TVG(TovyTV) \/S-ay”(y)(ly7 (16b>

where a,*=a,r}; and for fluxes F}j,, I;;,, the equa-
tions are same except substituting a,? for a,v.

c. Higher-order equations (m>2, n2>20; m>0, n>2)
1 dFVm n

V3 dr,
+a,,[7’fs(F;n,n—l vm n— l)+"ub(va 1, n‘—va 1 n)]
= [PsF vmn—1(0) F72F s —1.0(0) ] exp(—V37,)

=—(1—a)Fn

+a,0,F 700 (0) exp(—V37,), (17a)
1 (l’F;n,n
I = _(l*av)F;ﬂ,n
V3 dr,
+av|:7’us(Fum n—1—F ym,n— ]>+1’vs(rvm 1= y_m—l,n):l
+pudv[r€SFl;n,n—l(0) +7’€:?F;m41n(0):]
Xexp(—V37,). (17b)
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Fan(0)=0
. (17¢)
F;n,n(TOv) =0
The (m+n)th order solutions will involve

(m+n-+1)th integration over the path length. Al-
though it is straightforward, we will not write down
the lengthy solutions.

From (14), (16), and higher order perturbation
equations, we can see that the solutions are in the
form:

(source function) (\3b7,.)"(T,.),

where # is the order of the perturbation equation.
The form is more or less like the Neumann series
solution (Irvine, 1968), but converges much faster
because of the smallness of b. A convergence problem
arises with the perturbation solutions if the molecular
and particle absorptions are small or zero (7,,—1)
for large optical thickness or V3b7,.>1.0. However,
for a conservative scattering homogeneous layer, the
exact solution of (4) is known. Therefore, knowing
the zeroth- and first-order solutions, we put the solu-
ion in the approximate form:

= FJ’O,O
Ff= =~ ’ (18)
09F 51 0-+b7Fjo 1

Fj0,0

which matches exactly with the solutions of (4) for
the conservative case as well as with the perturbation
solution and the problem of divergence can be avoided.
For the case a,—1, expansion of both the exact solu-
tion of (4) and the approximation of (18) in (1—a,)
yields agreement through terms of order 7o,. Therefore,
the approximation (18) is strictly valid for V3b7,,< 1.0,
for all values of @,. But it may be applied for large
values of V3br,, with reasonable results, especially for
a,<0.4 and >0.99, as will be shown.

In general, it is not possible to integrate (14)-(16)
analytically. However, the atmosphere can be sepa-
rated into a series of isothermal, homogeneous layers
such that the properties are constant throughout each
layer. In the following, we will first demonstrate the
frequency integration using a band model for a homo-
geneous layer. The Curtis-Godson approximation is
used to treat the inhomogeneous atmosphere.

Since the scattering coefficients and absorption co-
efficients of the scatterers are smooth functions of
wavelength when averaged over size distribution, the
only frequency integrations required are for the non-
gray gases involving transmittance and the reciprocal
of the absorption coefficient as shown in (16) [e.g., the
fourth term in (16a)]. For a homogeneous layer, the
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term can be written as

[1 — Tva(ZTv;O):]
[ a'ngva(TOv,Ty)—"‘_“—“dV
Av

2(1—a,)
1
=/ Vga,”T,Tm(To,,T,)/ T,e(27,2,0)dxdy,
Av 0

1
=\/§a,,"-r,,/ / ToulTo,+27%, 7,)dvdx. (19)
0 Ay

Therefore, the solutions are in the form of (8) and
the experimental data can be used by employing the
band models. Within a small frequency interval in
the band, the spectral emissivity of a non-gray gas can
be represented with reasonable accuracy by theoretical
models which could also correlate the experimental
data. Extensive discussions of narrow or wide band
models are to be found in the literature (Plass, 1963;
Edwards and Menard, 1964; Tien, 1968 ; Goody, 1964;
Malkmus, 1967). The choice of band models will
depend on the properties of gases. For example, for
the spectra of very complex molecules such as H,0,
CO; and other polyatomic molecules, the mean trans-
mittivity (8) for the general statistical model with an
exponential line intensity distribution can be written
as (Tien, 1968; Goody, 1964)

T4, =exp[ —BX/(142X)1], (20a)

where 8=2rar/d, X=5X./(2maz), and both the line
spacing d and line intensity S are mean values over
the band. For an exponential-tailed S line intensity
distribution, 7%, can be written as (Malkmus, 1967)

_ 8
Th=expl ——[(14+2rX)i =17, (20b)
ks

where Bg=(n/4)8, Xg=(4/m)X. For practical pur-
poses, either of the line intensity distribution functions
may be used because the difference between the ab-
sorption of different intensity distributions is small
(Tien, loc. ¢it.).

Using the narrow band model of Malkmus, Domoto
and Wang (1974) have obtained simple expressions
of infrared transmittance, reflectance and emittance
of water clouds typical of those in the earth’s
atmosphere.

The above-mentioned band radiation is limited to
the case of a homogeneous gas layer. In general, non-
homogeneity results because of a distribution of local
temperature, pressure and gas concentration (Tien,
1968; Goody, 1964). No exact solution can be ob-
tained for the general problem of radiation heat
transfer for an inhomogeneous path. The most useful
and convenient among the approximate methods is
the Curtis-Godson approximation, which replaces each
inhomogeneous optical path with a hypothetical homo-
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geneous path that has the same transmittance (Tien,
loc. cit.). The approximation is exact at strong and
weak line limits. The defined mean spectral emissivity
is based on an equivalent homogeneous gas with mean
line intensity to spacing ratio (S/d) and the mean
Lorentz line half-width to spacing ratio (a;/d) given

by (Tien)
GO
[ )

where dx=pdz, X,=pz and p is concentration. The
terms inside the integral denote quantities based on
homogeneous conditions corresponding to local tem-
perature and effective pressure. Krakow ef al. (1966)
have compared the measured and computed (band
model theory) transmittance. The error appeared to
be due more to the band model theory than to the
Curtis-Godson approximation.

Finally, we will discuss the accuracy of the present
approximate method. Table 1 shows the comparison
of transmittance of various approximate methods, the
present matching approximation, and the exact solu-
tion for conservative isotropic scattering. The present
approximation is better than other approximations in
the range 0<7,<2. The small difference between
Sagan and Pollack (1967) and the present method 1s
due mainly to their using a constant different from V3.

For gray, nonconservative, anisotropic scattering,
the asymmetry factor [=0.8 (typical value of clouds
in the earth’s atmosphere)] is chosen for comparison
as shown in Figs. 1a and 1b. When 7,=1.0, the agree-
ment is nearly perfect for all values of the single
scattering albedo. Even for 7o=10.0, the approxima-
tion is in good agreement with the modified two-flux
results for albedos <0.4 and >0.99.

(21a)

Tapre 1. Comparison of transmittance of exact solution with
various approximate methods and the present approximation for
homogeneous, conservative, isotropic (or Rayleigh) scattering.

Approximate solution

Optical Exact Sagan and Edding- Two-flux Present
thickness solution* Pollack ton method  method
0 1.0 1.0 1.0 1.0 1.0
0.05 095484 095868 0.96386 0.95238  0.95850
0.1 0.91566  0.92064 0.93023  0.90909  0.92030
0.15 0.88073 0.88550 0.89888  0.86957  0.88503
0.2 0.84906  0.85295 0.86957 0.83333  0.85237
0.5 0.7040  0.69881 0.72727 0.66667 0.69784
1.0 0.5534¢  0.53706 0.57143 0.5 0.53591
20 03900 036711 040 0.3333 0.36603
4.0 02459  0.22482 0.25 0.20 0.22401
10.0  0.1322 0.10395 0.11765 0.09091  0.10352
100.0  0.01315 0.01147 0.01316 0.00990 0.01142

* 70£ 1.0 (Chandrasekhar, 1960); 7¢>1.0 (van de Hulst, 1964).
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Fic. 1. Comparison of modified two-flux approximation and
present method for an asymmetry factor of 0.8 and 70=1.0 (a)
and 10.0 (b).
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The accuracy of the approximation in the non-gray
case was examined by Domoto and Wang (1974).
The frequency integration of the modified two-flux
solutions was carried out using the absorption coeffi-
cient as the variable of integration together with an
appropriate kernel function, which was obtained using
the inverse Laplace transform of the transmission
function based on the Malkmus model. Excellent
agreement was observed between the approximation
and the modified two-flux solutions.

3. Results and discussion
a. The. atmospheric model

The atmosphere is divided into nine layers from
the surface to an altitude of about 30 km according
to the sigma coordinate system (Manabe and Strickler,
1964). The pressure levels which specify the atmospheric
layers are 1010.00, 1000.99, 935.19, 819.50, 670.50,
505.00, 339.44, 190.50, 74.81 and 9.01 mb. The global-
averaged values of the atmosphere shown in Table 2
are adopted for calculation.

In the infrared, the generalized absorption coefhi-
cients of Elsasser and Culbertson (1960)—which in-
cludes the rotation band and 6.3-um band of water
vapor, the 15-um band of carbon dioxide, and the
9.0-, 9.6- and 14-um bands of ozone—are fitted to
Goody’s random model. Zeroth- and first-order solu-
tions are obtained by numerical integration of (14)
and (16) over frequency from wavenumber 40 to
2240 cm™ with an interval 10 cm™ for overlapping
regions and 40 cm™ for non-overlapping regions.

The solar frequency spectrum 0.21-4.6 uym is divided
into 61 spectral intervals and the solar energy based
on 2 cal cm™? min™ and 6000K blackbody distribu-
tion is used. Only ozone absorption is considered in
the visible and ultraviolet regions (A<0.7 um) and
the data tabulated in List (1968) are used. In the
near infrared, water vapor and carbon dioxide are

Tasie 2. Model of the earth’s atmosphere.

Surface
Pressure Py 1010 mb
Relative humidity 5%
Albedo p 0.105
Atmosphere
Moist lapse rate vy —6.5K km™!?
Tropopause 11 km
Cloud cover CLC 549,

Gaseous constituents
Water vapor mixing ratio

troposphere wo(P/Py)® [Smith, 1966]
stratosphere 2.0E-6 gm gm™!

Carbon dioxide
constant mixing ratio 300 ppm

Ozone Elterman (1968)
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[ AEROSOL MOLECULE

ALTITUDE KM

n
(e}
T

NUMBER PER cM3(10")

LIGHT HAZE MODEL: VISIBILITY =23 KM
DENSE HAZE MODEL: VISIBILITY = 5 KM

F1G. 2. Particle and molecular concentrations
used in the present model.

treated. The transmission functions tabulated in the
Handbook of Geophysics—which includes 0.94, 1.1, 1.38,
1.87, 2.7, 3.2 ym of water vapor and 1.4, 1.6, 2.0, 2.7,
43 um of carbon dioxide—are fitted to Goody’s
random model.

Clouds play an important role in the radiation
balance of the atmosphere. The presence of clouds
considerably reduces the net radiation, while the atmo-
spheric emission increases. The requirements on the
knowledge of cloud heights, types, amounts, etc., for
radiation calculations are formidable. However, for
the purpose of simulating a relatively realistic atmo-
sphere, we adopted a simple cloud model which in-
volves a single cloud layer possessing mean spectral
properties. The cloud albedo depends on the drop
size distribution, water content, cloud thickness, etc.
Previous measurements of the albedo of clouds given
in the Smithsonian Meteorological Tables and Conover
(1965) vary from 0.30 to 0.80. Robinson (1966) has
estimated the mean cloud albedo around 0.5-0.55 based
on energy balance. Throughout the solar spectrum a
mean cloud albedo of 0.55 is used; this value is close to
the mean value of low and middle cloud albedo used by
Houghton (1954) [Angstrom (1962) also adopted this
value from Houghton]. Neiburger (1949) observed the
mean value of cloud absorptivity to lie between 0.05 to
0.09; Griggs (1968) estimated the value to be 0.04. In
this calculation, absorption by cloud is neglected for
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AL0.7 ym, and whenever it is 0.02 in the near in-
frared; the value is smaller than 0.04 since, following
Manabe and Strickler (1964), we assume the atmo-
spheric water vapor absorbs radiant energy before it
reaches the clouds. Following Robinson we adopted
549, as the normal cloud cover instead of 529 used by
Houghton and Angstrom. The radiation which reaches
the cloud base is assumed to be completely absorbed
in the infrared and the energy re-emitted at the cloud
temperature. So the effective cloud height is very
important in determining the radiation escaping to
space. No mean effective cloud height is cited in
references [ Rasool and Schneider (1971) used 5.0 km
as an effective cloud height but with no reference].
In this calculation, we adopted 5.4 km (505 mb),
chosen on the basis of several cloud calculations in
the visible in order to give a reasonable global albedo
due to clouds of around 0.25 as estimated by London
(1957). The drastic heating or cooling due to the
presence of clouds is smoothed out by the layer which
contains the cloud.

The surface albedo is highly dependent upon the
nature of the surface, ranging from 0.07 for oceans
to 0.7 for old smooth snow-covered ground (List,
1968; Griggs, 1968). It is believed that the global
mean surface albedo is between 0.1 and 0.2. Manabe
and Strickler (1964) suggested the value of 0.102. We
adopted the value of 0.105 which is the mean value
over 30~40N (Sellers, 1965), where the annual mean
value of radiation in believed balanced (Robinson,
1966).

As for aerosols, the scattering and absorption coeffi-
cients are taken from McClatchey et al. (1971) who
describe a ‘“clear” and a ‘“hazy” atmosphere cor-
responding to a visibility of 23 and 5 km, respectively,
at ground level. Fig. 2 shows the distributions of the
number of particles for the two models as well as the
molecules [taken from Elterman (1968)7]. Most of the
particles are confined to the lower 5 km. The size
distribution function of the particles, ##(») (shown
in Table 3), is similar to the one suggested by Deir-
mendjian (1964) for continental haze. Figs. 3a and 3b
show the optical thickness for the aerosol attenuation
and molecular scattering in the solar and infrared
regions. The Rayleigh scattering contribution is con-
sidered in the whole solar region but neglected in the
infrared. The index of refraction [used by McClatchey

TaBLE 3. Particle size distribution.

4

(um) nP(r)
0.1<r<10 8.83(10y)™
0.02<r<0.1 8.83
r<0.02 0
r>10
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el al. (1971)7] for aerosols is

1.5440, 2<0.6 um
n={1.5+i0.0714(>\——0.6), 0.6 yum<AL2um  (22)
1.5+440.1, A>2 um

In the numerical calculations, three atmospheric
models are used and categorized as follows:
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Clear Model Atmosphere (CMA) which includes
H,0, CO, and O; gas absorbers and surface
albedo of 0.105, if not specified explicitly.

Light Haze Atmosphere (LHA) which is CMA plus
the “clear” aerosol model.

Dense Haze Atmosphere (DHA) which is CMA plus
the “hazy” aerosol model. Rayleigh scattering (R)
and clouds (C) are included if they are specified.

The infrared and solar heating rates, denoted by
(8T/8t)w and (8T/d!)sw, respectively, are calculated
according to

T 1 dF
Ot pucp dz

where
F(z)= / F.(z)dv,

and ¢, is the specific heat of air at constant pressure
and p, the density of air.

b. Solar radiation

First, the global albedo 4, (the backward scattered
solar radiation divided by the incoming solar radia-
tion) due to Rayleigh scattering, light or dense haze,
and clouds is studied. Fig. 4 shows the global albedo
of CMA, LHA and DHA for a surface albedo p<0.4.
About 109, of the solar energy is scattered back to
space due to Rayleigh scattering and our adopted
mean surface albedo of 0.105. The global albedo due
to clouds only is 0.251. The computed albedo for
CMA+4R+4C and surface albedo of 0.105 is 0.305
which agrees amazingly well with the observed value
0.30 (Vonder Haar and Suomi, 1971). The effect of
aerosols, in general, is to decrease solar radiation
reaching the earth’s surface and increase the global
albedo. Light haze and dense haze alone have backscat-
ter values of 2.6 and 8.19, respectively, for solar radia-
tion; the effect is large because the aerosols affect
the whole solar spectrum (see Fig. 3a), while Rayleigh
scattering contributes only in the ultraviolet and visible
which contains only ~3% of the solar energy.

Table 4 shows the net incoming solar radiation at
the earth’s surface for various sky conditions. With
respect to CMA, the LHA and DHA reduce this net
flux by 6 and 199 for a cloudless atmosphere, and
10 and 359 for a cloudy atmosphere.

Furthermore, Table 5 shows the solar heating rate
for various sky conditions. Dense haze has the same

TaBLE 4. Net incoming solar radiation (cal cm™2 min—?) at earth’s
surface for various sky conditions. See text for definitions.

Model R C R+C
CMA 0.3332 0.2979 0.2142 0.1915
LHA 0.3114 0.2802 0.1881 0.1716
DHA 0.2655 0.2423 0.1414 0.1340
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order of effect as water vapor in the lower troposphere.
Because of the presence of large aerosol concentrations
near the surface, both the energy which enters into
the aerosol layer and the energy reflected back from
the surface are trapped in the lower atmosphere,
causing larger heating rates. The largest heating rate
is found in the first layer for the cloudless DHA.
The presence of clouds causes the energy to be scat-
tered back before it can be trapped between the clouds
and the surface. Therefore, the tropospheric aerosols
have a less pronounced effect in the lower troposphere
for cloudy than for cloudiess skies.

It is quite clear that, for fixed sky conditions, the
effect of an increase of surface albedo is to increase
the global albedo, although at a reduced rate because
part of the reflected radiation is re-reflected by the
aerosols and absorbed in the atmosphere. But, on the
other hand, for an arbitrary ground albedo the effect
of an increase of atmospheric turbidity is not neces-
sarily to increase the global albedo. We have made
calculations with the cloud and aerosol properties
fixed but with different ground albedos. In this way
we have found the critical surface albedo such that
the earth-atmosphere system changes from cooling to

heating with the addition of aerosols. Table 6 and
Fig. 4 show the global albedo versus surface albedo
for cloudless and cloudy skies. It is interesting to
note that for a cloudless sky when the surface albedo
p reaches 0.30, an increase in aerosol decreases the
global albedo; the same thing happens when surface
albedo is around 0.30 for a cloudy sky. But since
the surface albedo on a global scale is around 0.105,
the average effect of an increase of atmospheric tur-
bidity is to increase the global albedo, i.e., to cool
the earth-atmosphere system.

c. Infrared radiation

Table 7 shows the net upward infrared fluxes at
the earth’s surface and at the top of the atmosphere.
Compared with the aerosol-free sky, the LHA reduces
the net fluxes at the top and bottom of the atmo-
sphere by 2.4 and 2.3%, for a cloudless sky, and by
about 1.3 and 2.69, for a cloudy sky; corresponding
reductions for the DHA are 4 and 6.59,, and 1.7
and 7,19,

Table 8 shows the infrared cooling rate based on a
temperature profile which has a constant lapse rate

TaBLE 5. Solar heating rate (97/d4)sw [°K per day] for various sky conditions.

Clear skies Cloudy skies
Layer (km) CMA+4R LHA+4R DHA4R CMA+R LHA+R DHA+R
1 0.08 1.6309 1.9464 2.9537 1.0101 1.3840 1.7579
2 0.64 1.0759 1.3532 2.2444 0.6651 1.0166 1.5669
3 1.71 0.9543 1.1113 1.5500 0.5910 0.8162 1.3108
4 3.27 0.9446 0.9937 1.1058 0.5919 0.6670 0.8318
5 5.37 0.9916 1.0037 1.0046 1.5485 1.5785 1.6014
6 8.10 0.9657 0.9764 0.9660 1.4068 1.4745 1.6331
7 11.80 0.4486 0.4717 0.4594 0.3947 0.4137 0.4043
8 17.74 0.1976 0.2442 0.2316 0.1347 0.1732 0.1636
9 31.24 2.2727 2.2716 2.2495 2.2435 2.2396 2.2182
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TasLE 6. Critical surface albedo at which the earth-atmosphere system changes fron: cooling
to heating due to the presence of aerosols.
Clear skies Cloudy skies
Surface
albedo p CMA+R LHA4R DHA+R CMA4R LHA+HR DHA-+R
0 0.0475 0.0704 0.1182 0.2841 0.2990 0.3326
0.10 0.0966 0.1123 0.1454 0.3039 0.3143 0.3401
0.20 0.1448 0.1531 0.1702 0.3248 0.3302 0.3475
0.30 0.1911 0.1913 0.1893 0.3465 0.3465 0.3544
0.40 0.2326 0.2225 0.1930 0.3688 0.3629 0.3603

(—6.5K km™) in the troposphere and a constant
temperature (218K) in the stratosphere. Tremendous
cooling occurs in the first layer due to the fact that
the maximum concentration of water vapor appears
very close to the ground and thus much more con-
vection is needed to maintain a stable temperature
gradient. The cooling rate increase in layer 7 (below
the tropopause) is due mainly to the sudden decrease
of water vapor concentration (mixing ratio, 2.0X10-%
gm gm~) in the stratosphere which allows the long-
wave emission to escape more easily. However, this
effect is partially offset by the heating effect of carbon
dioxide and ozone in the upper troposphere due to
the constant temperature distribution in the strato-
sphere. A 1K per day difference is observed in the
first layer due to dense aerosols as compared to the
CMA-+R both for cloudless and cloudy skies. Another
interesting feature is that the cooling rate decreases
by 20-309 in the lower stratosphere even though the
aerosol concentration is negligible there. Hence, under
radiative equilibrium conditions, the stratosphere is
warmer than it would otherwise be due to the presence
of tropospheric aerosols.

d. Radiative convective equilibrium

Studies of radiative equilibrium of non-gray atmo-
spheres have been carried out by Yamamoto (1953,
1955), Manabe and Méller (1961) and others. Because
it neglects atmospheric motions, the model atmosphere
always has a cooler upper troposphere and a higher
surface temperature than observed values indicate.
Therefore, Manabe and Strickler (1964), and Manabe
and Wetherald (1967) have made radiative convective
equilibrium computations of the atmosphere as the
asymptotic state of an initial value problem. They
proposed a simple convective adjustment process to
approximate the actual heat transport by atmospheric
motions. The procedure used is to make an adjust-

ment to a given critical lapse rate of temperature as
soon as the lapse rate tends to exceed the critical
rate, thereby permitting a more realistic temperature
distribution throughout the atmosphere.

In the present work, the procedures of convective
adjustment differ from those quoted above. In the
numerical computation the radiative convective equi-
librium was approached as follows:

1) The radiative temperature change 77! was cal-
culated from the flux divergence:

" [¢) oT n
I =n[(f-> +(-—) Ta e
ot /w ot /sw

where LW and SW denote radiative infrared cooling
and solar heating, respectively, # is the iteration step,
and < the layer. A forward time scheme is used.

2) Before using the new temperature 771! for flux
calculation, the lapse rate is checked against the critical
lapse rate v (a moist adiabatic lapse rate of —6.5K
km™1) beginning from the surface [throughout the
iteration process, the surface temperature and properties
of the gas absorbers are fixed]. If the new temperature
distribution is not stable in any given layer, then a
convective heat flux equal to

vAz;—Ti—1
-Em' = ————PaCPAZi
Al

(25)

is required in order to maintain a stable atmosphere,
i.e., an atmosphere where

T a aT
()4,
6 ¢ Lw at SwW at conv.,

3) At steady state, the layers without convection
will be in radiative equilibrium with constant net flux
(non-zero, because the surface temperature is not cor-

(26)

TasLE 7. Infrared outgoing radiation (cal cm™ min~?) for various sky conditions.

Clear skies Cloudy skies
CMA+R LHA+R DHA+R CMA+R LHA+R DHA+R
Top 0.3617 0.3529 0.3475 0.3142 0.3102 0.3089
Surface 0.1452 0.1419 0.1358 0.0988 - 0.0962 0.0918




Avcust 1974 WEI-CHYUNG WANG AND GERALD A. DOMOTO 531
TaBLE 8. Infrared cooling rate (37/8¢)Lw [°K per day] for various sky conditions*
r Clear skies Cloudy skies
z

Layer (km) (°K) CMA+R LHA+4R DHA+R CMA+R LHA4R DHA+4R
1 0.08 287.75 9.0346 83806  8.0570 8.1938 7.5336 7.1500
2 0.64 285.66 3.0779 2.9135 2.9209 2.2281 2.0611 2.0355
3 .71 280.29 2.0296 1.9727 1.9827 1.1080 1.0541 1.0501
4 3.27 271.59 1.4584 1.4561 1.4615 0.3985 0.4052 0.4182
5 5.37 259.42 1.0947 1.0961 1.1220 0.5946 0.6547 0.7482
6 8.10 243.24 0.5942 0.6057 0.6229 2.9614 3.0137 3.0487
7 11.80 226.03 0.9150 0.9696 0.9783 0.9465 0.9750 0.9804
8 17.74 218.00 0.3287 0.2228 0.2115 0.3683 0.3050 0.3040
9 31.24 218.00 1.3330 1.2190 1.1947 1.3751 1.3508 1.3467

* Surface (0 km) temperature, 288.0K.

rect), while others will be in radiative convective
equilibrium with convection supplied from the surface.

4) The surface temperature is changed and processes
1)-3) are repeated until a steady state is reached and
the energy is balanced everywhere.

In the numerical calculations, the initial tempera-
ture profile used always obeyed the critical lapse rate
in the troposphere and was constant in the strato-
sphere. At steady state the relative magnitude of the
difference between the net outgoing longwave radia-
tion and the net incoming solar radiation is always
smaller than 10~ times the incoming solar radiation.
At the earth’s surface, the excess of net downward
solar radiation over net upward longwave radiation is
equal to the convection needed in the atmosphere.

Numerical results were obtained for the three atmo-
spheric models CMA, LHA, DHA in radiative con-
vective equilibrium. Table 9 shows the heat balance
components of these three models with and without
clouds. The theoretical results of Manabe and Strickler
(1964), and London (1957) are also given. Slight dis-
crepancies in the results can be attributed to the fact
that the various atmospheric models used different gas

amounts, transmission functions and cloud conditions,
and that calculation of absorption due to Rayleigh
scattering was not always included. But, in general,
they are quite consistent. The most important point
is that in the present model the coupling effects of
clouds, surface albedo, Rayleigh and Mie scattering,
and non-gray gas absorption are considered by solving
the radiative transfer equation approximately, rather
than by adding up the individual contributions of
those factors.

The resulting temperature and convection distribu-
tions are listed in Table 10 and shown in Fig. 5. For
a cloudless atmosphere, the surface temperature is
300.84K for CMA and 298.78K for LHA and DHA.
Convection is needed for the whole troposphere. As
the number density of aerosols increases, convection
decreases because the aerosols not only absorb solar
energy but also increase the optical path length due
to multiple scattering.

In the visible and near infrared, the major effect
of the clouds is to increase the heating rate within
and above the clouds due to the absorption by water
droplets and to the reflection of solar radiation, re-
spectively; the heating rate beneath the clouds is

TABLE 9. Heat balance components (cal cm™2 min™!) of the radiative convective atmosphere.*

CMA+R
Cloudless Clouds
Present Manabe and Present Manabe and LHA+R DHA+R
model Strickler model Strickler  London Cloudless  Clouds Cloudless  Clouds
Top of Atmosphere
longwave 0.4505 0.4287 0.3475 0.3266 0.324 0.4428 0.3424 0.4266 0.3298
shortwave 0.4505 —0.4286 —0.3475 —0.3266 —0.324 —0.4428 —0.3424 —0.4266 —0.3298
Earth’s surface
longwave 0.1352 0.1485 0.0737 0.0854 0.090 0.1392 0.0731 0.1331 0.0492
shortwave —0.2979 —0.3360 —0.1915 —0.2365 —0.237 —0.2802 —0.1717 —0.2423  —0.1340
Surface temperature 300.840 300.30 287.430 286.9 288.0 298.775 285.200 296.415 276.750
Convection
N
> Fei 0.1627 0.1875 0.1178 0.1511 0.147 0.1411 0.0986 0.1092 0.0848
1
Global albedo 0.0990 0.1426 0.3049 0.3468 0.1144 0.3151 0.1467 0.3405

0.352

*Positive values designate upward flux.
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Fic. 5. Radiative convective equilibrium temperature distribution of the earth’s atmosphere.

decreased because the solar flux is reduced by the
clouds. In the infrared, the clouds are treated as black.
Consequently, larger cooling rates appear above the
clouds while smaller values are found within and
beneath. Therefore, superadiabatic lapse rates are
observed beneath the clouds (zero convection) in layer
4 and convection is needed right above cloud layer S.

For the cloudy atmosphere, CMA+4R (considered
as the current earth’s atmosphere) has a surface
temperature of 287.43K which is very close to the

present mean global surface temperature of 288K.
The lower and upper stratospheric temperatures are
221.86 and 232.31K, respectively. Light haze cools
the surface and the atmosphere except for a 0.04K
temperature increase at the lower stratosphere; the
total convection is reduced by 179,. Dense haze
reduces the surface temperature to 276.75K and con-
vection to 0.085 cal cm™2 min™, i.e., a 289, reduction.

Aerosols act to stabilize the atmosphere by either
absorbing solar energy or increasing the path length.

TasLE 10. Convection (cal cm™2 min—!) and temperature (°K) distribution of the radiative convective equilibrium atmosphere.*

CMA+R LHA+R DHA+R CMA4R4C*  LHA+R4C*  DHAFR+CH
Layer T Conv. T Conv. T Conv. T Conv. T Conv. T Conv.

Surface 300.84 1.63E-1 298.77 141E-1 296.41 1.09E-1 287.43 1.18E-1 285.20 9.86F-2 276.75 8.48E-2

1 300.68 7.95E-3  298.62 7.58E-3  296.26 5.7SE-3  287.27 548E-3 285.04 4.77E-3 27742 0

2 208.89 3.28E-2 296.82 2.99E-2 29446 191E-2 285.48 1.69E-2 283.25 1.15E-2 271.59 0

3 293.69 4.12E-2 291.62 3.70E-2 289.26 2.69E-2 280.28 6.95E-3 27821 0 275.75 0

4 284.59 2.96E-2 282.52 2.56E-2 280.16 2.06E-2 272.89 0 27148 0 27005 0

5 272.89 2.15E-2 270.82 1.81E-2 268.46 1.61E-2 261.19 1.89E-3 259.78 2.12E-3 258.14 1.16E-2

6 257.29 1.53E-2 255.22 1.18E-2 252.86 1.05E-2  245.59 7.57E-2 244.18 7.18E-2 241.58 6.54E-2

7 235.84 1.44E-2 233.77 1.09E-2 231.41 1.01E-2 224.14 1.09E-2 222.73 8.35E-3 22114 7.77E-3

8 231.87 0 231.62 0 229.73 0 221.86 0 22190 0 22066 O

9 23779 0 23764 0 236.50 0 23231 0 232.36 0 231.56 0

* Tabular entries for convection include exponent of 10 factor, i.e., 1.63E-1=1.63 X107,

** The clouds appear at the top of layer 5.
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Tasre 11. Comparison of present calculations with obser-
vations of Vonder Haar and Suomi.

Infrared loss
(cal cm™2 min™1)
0.3049 0.3475
0.30 0.34

Global albedo

Computed
Measured

More important, however, is the fact that a tempera-
ture inversion forms near the surface due to the large
aerosol concentration. In other words, particle scat-
tering and absorption eliminate the requirement for
convection, and radiation becomes the dominant
transfer mechanism.

Recent analysis of long-time satellite measurements
of the earth’s radiation budget and global albedo by
Vonder Haar and Suomi (1971) agrees very well with the
present calculations. Table 11 shows the computed
and measured values; the differences are within 2-39,.

4. Conclusions

1) The perturbation technique introduced allows
approximate solution of the radiative transfer equa-
tion in nonhomogeneous media with non-gray gas
absorption, Rayleigh scattering, and anisotropic par-
ticle scattering. An asymptotic matching process is
performed to match the approximate solution to the
modified two-flux solution at single-scatter albedos of
a=0 and ¢=1.0. When 7,=1.0, the agreement is
nearly perfect for all values of a. Even for 7,=10.0,
the approximation is in excellent agreement for a<0.4
and ¢>0.99. Applied to the earth’s atmosphere, this
technique permits use of narrow band models for
non-gray gases (H,O, CO, O;) as well as realistic
Rayleigh and Mie scattering coefficients in order to
study the effects of aerosols.

2a) It is found that the effects of aerosols in the
infrared cannot be neglected. The net flux at the
surface is reduced by 2.69% for light haze (7%_:5.m
=0.01676, a%_,;,m=0.473) and as high as 7% for
dense haze (7§_10,m=0.0594). In the visible, light
haze (7§_¢.55 um =0.223, 6 —¢.55 ,m=1.0) and dense haze
(7%-0.55,m=0.789) increase the global albedo from
0.305 to 0.315 and 0.340, respectively.

2b) The combined effects of clouds, aerosols and
surface albedo are important in determining whether
heating or cooling of the earth-atmosphere system
occurs. The model used in these calculation indicates
that the increase of atmospheric turbidity (due to
aerosol alone) may decrease the global albedo for the
case when the surface albedo is larger than 0.30, i.e.,
heating of the earth-atmosphere due to the presence
of aerosol is possible for a high albedo surface such
as dry grass land, desert or snow covered ground.
For the same reason, the presence of stratospheric
aerosols with underlying clouds (high albedo) may
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also cause heating if higher water vapor concentration
is found in the stratosphere.

3) The aerosols reduce the convection needed to
maintain a stable atmosphere. For the dense haze
model, a temperature inversion develops close to the
surface where the required convection is zero, and
radiation becomes the dominant heat
mechanism.

transfer
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